Introduction {#sec1}
============

Lithium-ion batteries (LIBs) have been widely used in portable electronic products and electric vehicles on account of their high energy density and environmental friendliness.^[@ref1]^ As the most commonly used anode, graphite has suffered from the relatively low theoretical capacity of 372 mA h g^--1^.^[@ref2]^ In comparison to graphite, N-doped carbon materials have been theoretically and experimentally demonstrated to provide more active sites and adsorb more Li^+^ as one of the most efficient strategies toward high-capacity anode materials.^[@ref3]−[@ref6]^

Unusually, the actual reversible capacity of N-doped carbon materials generally outclasses their corresponding theoretical capacity. As summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf), this phenomenon of extra capacity extensively exists in N-doped carbon allotropes with different structures, such as graphite, graphene, and carbon nanotubes (CNTs), regardless of the nitrogen-doped level. In other words, although the crucial role of N doping in the performance enhancement of carbon-based materials has been widely recognized, the presence of N atoms in the carbon network fails to explain the origin of the supererogatory capacity. For N-doped carbon materials, the geometric architecture (including nanoscale wrinkle, stack, crystal lattice, etc.) of the sp^2^ hybridized carbon network is also adjusted in the process of heteroatom doping, which introduces the intrinsic carbon defects.^[@ref7]−[@ref9]^ Thus, researchers pay close attention to the role of the geometric architecture for extra capacity. In particular, theoretical calculations suggested that the positive and negative curvature structures of the carbon materials not only show a positive effect on Li^+^ adsorption but also lead to three-dimensional Li-ion diffusion paths with relatively low energy barriers.^[@ref10],[@ref11]^ In fact, the geometric architecture is essentially derived from the transformation of the hybridized orbital types of carbon atoms to generate the response of chemical bonds to bending deformations,^[@ref12]^ thereby resulting in the regulation of the geometric and electronic structures within the atomic-scale scope.^[@ref8],[@ref13]−[@ref16]^ However, the underlying reasons for extra capacity have not been uncovered deeply, especially the level of the electronic structure, much less to construct the relationship between non-coplanar sp^2^/sp^3^ hybridized orbital and their corresponding Li-ion storage properties.

In order to reveal these issues, herein we first fabricated a dodecahedral carbon framework assembled with interconnected N-doped multiwalled carbon nanotubes (N-DF), even with a low nitrogen content of 3.06 wt % through direct pyrolysis of ZIF-67. The as-obtained N-DF served as the anode material for LIBs to explore the relationship between the extra capacity and the geometrical configuration of N-doped carbon materials. When tested as the anode for LIBs, N-DF exhibited a reversible extra capacity of 298 mA h g^--1^ during 250 cycles at 0.1 A g^--1^, compared with its theoretical value of 345 mA h g^--1^. Various characterizations indicated that the most remarkable feature of N-DF is the ubiquitous nonhexagonal carbon rings with the positive or negative curvature of the geometrical structure. Note that the two above-mentioned structures belong to the category of non-Euclidean geometry in the field of mathematical research.^[@ref17]^ The density functional theory (DFT) calculations, the electrochemical kinetics tests, and *in situ* transmission electron microscopy (TEM) further suggested that the extra capacity primarily originated from the non-coplanar sp^2^/sp^3^ hybridized orbital. It adjusts the non-Euclidean geometrical structure (NEGS) and acts as new sites, which not only enhances the Li-adsorption on the curved surface but also leads to more Li^+^ insertion.

Results and Discussion {#sec2}
======================

The synthetic strategy of N-DF through one-step pyrolysis of ZIF-67 is presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The synthesis mechanism of N-DF is displayed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf). As shown in [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf), ZIF-67 is successfully synthesized. In the thermogravimetric analysis (TGA) diagram, the ZIF-67 retained 40.11 wt % after thermal treatment at 700 °C in the reduced atmosphere ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). N-DF preserves the well-defined dodecahedral shape of the as-prepared ZIF-67 precursor and is wrapped around a large number of outwardly extending CNTs, while the average particle size of N-DF decreased to ∼1.06 μm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). Some internal hollow voids are observed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, which facilitate the fast diffusion of Li^+^ to the interface between the material and electrolyte.^[@ref2],[@ref6]^ TEM images also reveal that crystalline Co nanoparticles about 6 nm are encapsulated at the tip of the CNTs, and the lattice spacing of ∼0.20 nm corresponds to the (111) lattice planes of Co ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). The outer and the inner diameters of the recrystallized CNTs are ∼20 and ∼8 nm, respectively, showing a typical multiwalled feature ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). Compared with the commercial multiwalled carbon nanotube (MWCNT, [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)), the lattice planes of N-CNTs are not parallel to the axis direction, and the curved lattice fringes are introduced into the graphitic wall. The lattice spacing (∼0.36 nm) of the curved wall (corresponding to (002) lattice plane of CNTs) displays a larger interlayer distance than that of MWCNT (0.34 nm). As illustrated in [Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf), carbon of the N-DF sample was completely burned before 300 °C, confirming that the entire CNTs consist of a curved and individual graphite layer (graphene-like structure).^[@ref18]^ In addition, the elemental mappings of N-DF are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e--g, showing that C, N, and Co elements are homogeneously distributed in N-DF.

![(a) Schematic illustration of the synthesis process of N-DF. (b) SEM image of N-DF. (c, d) TEM images of N-DF. (e--g) Elemental mappings of a single N-DF particle.](oc0c00593_0001){#fig1}

More accurately, the crystal structure of N-DF was characterized by the powder X-ray diffraction (XRD) patterns and Raman spectra (detailed analyses in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a illustrates that N-DF is constituted by cubic Co particles and disordered graphite layers. Further, Raman spectra reveal the defects of N-DF arising from nitrogen-doped and highly disordered graphite layers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Moreover, the X-ray photoelectron spectroscopy (XPS) survey spectrum of N-DF ([Figure S8a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)) reveals the existence of Co, C, N, and O elements, corresponding to the elemental contents of 3.17 atom %, 90.48 atom % (82.72 wt %), 2.87 atom % (3.70 wt %), and 3.48 atom %, respectively. The mass contents of C and N elements tested by the element analysis are 81.20 and 3.56 wt %, respectively, and consistent with the XPS results. The O element of the samples should be ascribed to the adsorbed oxygen from the air.^[@ref19]^ It is found that only the characteristic peaks of the metallic cobalt are identified ([Figure S8b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)), indicating that the Co---N bonds of the as-prepared ZIF-67 precursor are almost entirely broken and reduced to metallic cobalt in the reduction atmosphere. The high-resolution C 1s spectrum is deconvolved into two peaks at 284.4 and 285.6 eV ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), which are assigned to C---C/C=C and C---N, respectively.^[@ref20],[@ref21]^ It is noted that the peak of C---C/C=C of N-DF produces a blue-shift compared with that for commercial MWCNT due to N atoms doping into the carbon framework. In the high-resolution XPS N 1s ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), two peaks at 398.3 and 400.4 eV are assigned to pyridinic-N and pyrrolic-N, respectively.^[@ref22]^ The contents of pyridinic-N and pyrrolic-N are determined according to the corresponding peak area over the total N 1s peak area. As illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e, the pyridinic-N and pyrrolic-N in the carbon framework not only serve as active sites but also enhance the Li-ion diffusions.^[@ref23],[@ref24]^

![(a) XRD patterns of N-DF and MWCNT. (b) Raman spectra of N-DF and MWCNT. (c, d) High-resolution XPS C 1s and N 1s spectra of N-DF. (e) Schematic illustration of N-doped species in the carbon network of N-DF.](oc0c00593_0002){#fig2}

In addition, the nitrogen adsorption/desorption isotherms of N-DF illustrate high surface area and mesopores, which reduce the diffusion resistance of Li^+^ and facilitate capacitive performance (detailed analyses in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)).

Further, the electrochemical performances of N-DF as anode materials for LIBs were tested. As a reference, commercial MWCNT is also investigated under the same condition ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d and [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the first cyclic voltammetry (CV) curve is distinctly different from those of the succeeding cycles. A broad reduction peak at about 0.7 V is observed in the first cycle, which is attributed to the irreversible decomposition of electrolytes to form the solid electrolyte interface (SEI) films on the anode surface. The corresponding anodic scan shows that a weak oxidation peak at about 1.2 V represents the partial decomposition of SEI films. In the following cycles, the curves are overlapping well, manifesting the excellent cycling stability of N-DF. In addition, it can be determined that no obvious peaks associated with the electrode reaction between metallic Co and Li^+^ are found, suggesting that the Co nanoparticles of N-DF are an inert material for LIBs.^[@ref19],[@ref25]^

![Electrochemical performance of N-DF and MWCNT electrodes for LIBs. (a) CV curves of N-DF electrodes at a scan rate of 0.1 mV s^--1^. (b) Galvanostatic discharge--charge profiles of N-DF at 0.1 A g^--1^. (c) Cycle performances of N-DF and MWCNT at 0.1 A g^--1^. (d) Rate capabilities of N-DF and MWCNT electrodes. (e) Cycle stability of N-DF at 0.1 A g^--1^.](oc0c00593_0003){#fig3}

More abundantly, the initial discharge/charge specific capacity is approximately 869/586 mA h g^--1^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), much higher than that of the commercial MWCNT (308/650 mA h g^--1^ in [Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). The irreversible capacity can be attributed to the decomposition of the electrolyte and the formation of the SEI film, in good accordance with the CV results. From the second cycle, N-DF exhibits a reversible discharge capacity of 591 mA h g^--1^ about 2 times higher than that of MWCNT (332 mA h g^--1^). Apparently, the N-DF anode delivers a remarkable reversible capacity of 611 mA h g^--1^ at a constant current density of 0.1 A g^--1^ after 50 cycles, while MWCNT only shows 329 mA h g^--1^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) under the identical conditions. The corresponding Coulombic efficiency of N-DF is almost 100% after the first cycle; in contrast, that of MWCNT distinctly fluctuates. Notably, N-DF possesses a much higher capacity than MWCNT at different current densities ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), demonstrating its excellent high-rate capability (detailed analyses in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)).

Eminently, N-DF maintains a reversible capacity of 643 mA h g^--1^ after 250 cycles at 0.1 A g^--1^, indicating remarkable structural stability ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Also, the theoretical capacity can be calculated as 345 mA h g^--1^ according to the theoretical values of the component species in N-DF ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). Incredibly, even after considering the capacity contributions of pyridinic-N and pyrrolic-N, the theoretical capacity of N-DF is much lower than the experimental capacity of N-DF ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). In other words, although pyridinic-N and pyrrolic-N can increase the reversible capacity of carbon materials, an only trace amount of N-doping (2.87 atom %) fails to explain such a huge extra reversible capacity of N-DF. This fact proves that other lithium storage sites are also introduced for the extra capacity during the bottom-up growth process of N-CNTs, except for nitrogen doping. Surprisingly, amounts of the curved geometry structures are observed in different N-CNTs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b and [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). In fact, the curved geometry structures are not considered when calculating the theoretical capacity of N-DF. Interestingly, carbon atoms (resembling the dangling atoms at the graphene edge) in the curved graphite layers are considerably active and easily participate in a chemical reaction, as compared to the coplanar sp^2^ hybridized carbon atoms (detailed analyses in [Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). It can be speculated that the curved geometry structures or activated carbon atoms of N-CNTs may provide new active sites for lithium storage.

![HRTEM images of (a) commercial MWCNT and (b, c) N-CNTs exhibiting the nanoscale curved geometry structures, where red and blue circles mark the concave and convex structures, respectively. Top and side views of graphene with different curvatures: (d) planar surface with a hexagonal lattice, zero curvature; (e) curved surface including a pentagon, positive curvature; and (f) curved surface including a heptagon, negative curvature.](oc0c00593_0004){#fig4}

To obtain more abundant information about the geometrical structures of N-DF, the special curved geometry structures are further statistically analyzed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf). Apparently, the lattice fringes of the commercial MWCNT are arranged in a straight line along the axis direction ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [Figure S10a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). As revealed by high-resolution transmission electron microscopy (HRTEM) images of N-CNTs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c and [Figure S10c--f](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)), however, the nanoscale curved geometry structures of the lattice fringes are commonly introduced into N-CNTs. The curved nanoscale geometry structures can be, respectively, identified as a concave structure (red) and convex structure (blue) along the radial direction of N-CNTs. To better understand the concave and convex structures of N-CNTs, the surface of a monolayer carbon network is introduced by covalently bonded sp^2^ carbon atoms. If the nonhexagonal rings are introduced into the hexagon lattice, the spatial geometry structure of the carbon network will be changed, depending on the sum of the interior angles at each vertex ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d--f). A planar surface with a regular hexagon lattice presents zero curvature like a carpet, where the sum of the internal angle at each vertex is equal to 2π ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d); a pentagon induces positive curvature like a bowl, where the sum of the internal angle at some vertices is smaller than 2π ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e); a heptagon or larger membered rings generate negative curvature like a saddle, where the sum of the internal angle at some vertices is larger than 2π ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f).^[@ref13],[@ref14],[@ref26]^ The curved geometry of the positive and negative curvature is also called non-Euclidean geometry in the field of mathematical research.^[@ref17]^ Therefore, the above-mentioned structures are uniformly defined as NEGS.

To elucidate the formation mechanism of the atomic-scale NEGS, the synthesis mechanism of N-DF is again concerned. To the best of our knowledge, 2-methylimidazole of the five-membered rings serves as the C and N source for the above-mentioned bottom-up growth of N-CNTs. The nonhexagonal rings are embedded in the hexagonal lattice of sp^2^ carbon atoms to the formation of N-CNTs during the pyrolysis process. It is worth to note that the five-membered ring structure of the precursor and nitrogen atoms promote the formation of the nonhexagonal rings in the sp^2^ carbon framework.^[@ref9],[@ref27]^ In particular, DFT shows that the pyridinic-N or pyrrolic-N embedded into the carbon network could introduce multimembered rings, which could only lead to the formation of zero curvature structures but not positive and negative curvature structures ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). This result indicates that the positive and negative curvature structures of N-CNTs are derived from nonhexagonal rings of the undoped carbon structure. Namely, the carbon structure with five-membered rings induces positive curvature, resulting in the concave structure of lattice fringes, while seven- or larger-membered rings of carbon structure induce negative curvature, leading to the convex structure of lattice fringes.^[@ref28],[@ref29]^ Eventually, NEGS produces the nanoscale curved effect of lattice fringes. Therefore, the pyrolysis reconstruction of the organic heterocyclic rings containing nitrogen atoms may be a promising approach to induce NEGS, which leads to nanoscale curvature effects. It is clearly a forward-looking perspective about NEGS of N-CNTs by direct pyrolysis of metal--organic frameworks under a reduced atmosphere. Noticeably, some new theories such as the atom-realm effect are proposed to guide the synthesis of lattice catalyst, charge catalyst, orbital catalyst and spin catalyst in doped systems.^[@ref30]^ Actually, the in-depth causes of NEGS are that the hybrid orbital of sp^2^ carbon atoms is reconstructed, which is discussed in detail below.

DFT calculations are further employed to investigate the effects of NEGS on the extra capacity of N-DF. Herein, pentagon and heptagon defects are embedded in the sp^2^-bonded carbon fragment, respectively. We constructed two different curved models of NEGS, including positive curvature and negative curvature. For comparison, graphene with zero curvature was also constructed. Apparently, pentagon or heptagon defects are the maximum curved sites in the corresponding models. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf) show the adsorption behaviors of a single Li atom on the different curvature structures. In the case of NEGS, it shows that a Li atom prefers to be adsorbed on the polygon defects in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,c, indicating that the maximum curved sites are the most stable sites for lithium storage.^[@ref5]^ The adsorption energies on the maximum curved sites of the positive and negative structures are 2.54 and 1.72 eV, respectively, which is much stronger than that on graphene (1.25 eV, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). These results indicate that the curved effect of NEGS is conducive to enhance the Li-adsorption ability of N-CNTs.^[@ref31],[@ref32]^ Due to a decrease in the local curvature, the adsorption energies near the polygon defects decrease as compared with that on the polygon defects but are still much stronger than that of graphene ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). Therefore, it can be believed that there is a direct correlation between the curvature of the geometrical structure and the adsorption energy. Moreover, after one Li atom adsorbed on the curved surface, non-Euclidean geometrical structures maintain the stability of the spatial structure. In addition, the adsorption energies of multiple Li atoms are also evaluated on the different curvature models ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d and [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). As expected, the adsorption energies on different curvature models are gradually reduced as the number of adsorbed Li atoms increases ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d), which mainly originates from the Li--Li Coulombic repulsion.^[@ref11]^ The values of the adsorption energies are still negative, indicating an exothermic and stable reaction.^[@ref33]^ Importantly, even though the Li--Li distance (LiC~2~) on NEGS is shorter relative to that (LiC~6~) in the graphene, the adsorption energies of NEGS for LiC~2~ remain stronger than that of graphene for LiC~6~ with the increase of Li atoms. These results further demonstrate that NEGS can adsorb a large number of Li atoms,^[@ref3]^ thus resulting in the extra capacity of N-DF. The essential reason for the non-Euclidean geometry structure to regulate lithium adsorption is that the carbon atoms of NEGS are not coplanar; the sp^3^ component of carbon atoms is introduced, and the sp^2^ hybridized carbon atoms are regulated, resulting in the electrons of NEGS being enriched in one side of the sp^3^ dangling bond direction and the electrons in the other side of NEGS being reduced ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e).^[@ref12],[@ref34],[@ref35]^

![(a--c) Top views and adsorption energies of a single Li atom adsorbed on the (a) positive curvature carbon, (b) zero curvature carbon, and (c) negative curvature carbon. (d) Adsorption energies of different numbers of Li atoms adsorbed on the different curvature carbon. (e) Orbital diagram of sp^2^ hybridized carbon in the graphene structure versus sp^2^/sp^3^ hybridized carbon in the non-Euclidean geometrical structure. Pink, brown, and green balls represent hydrogen atoms, carbon atoms, and Li atoms, respectively.](oc0c00593_0005){#fig5}

As a whole, the non-coplanar sp^2^/sp^3^ hybridized orbital causes the transformation of the geometric and electronic structure within the atomic-scale scope, as compared to the uniform distribution of π electrons over coplanar sp^2^ carbon. In the case of a single non-coplanar sp^2^/sp^3^ hybridized carbon atom, the component of the sp^3^ hybridized orbital is induced, and the charge is enriched in one side of the sp^3^ dangling bond direction. Unusually, this atom, which is similar to the dangling atom at the graphene edge, still continues the way of the sp^2^ hybridized orbital to bond with the three neighboring carbon atoms, leading to a nonsaturated coordination environment. Therefore, owing to the lower resistance of charge transfer at the dangling atom, the lithium adsorption preferentially occurs in the sp^2^/sp^3^ hybridized carbon atom with the maximal curvature, and the charge transfer between lithium and the sp^2^/sp^3^ hybridized orbital is executed along the charge-enriched direction of the sp^3^ dangling bond. Lithium adsorbed at the dangling atoms is mobile to diffuse along the direction of curvature reduction, where the activation energy of adsorption is smaller than *kT* (*k* is the Boltzmann constant, and *T* is the temperature).^[@ref36],[@ref37]^ This new mechanism about the lithium adsorption on the non-coplanar sp^2^/sp^3^ hybridized orbital and the design concept of the sp^2^/sp^3^ hybridized orbital avail to develop advanced electrode materials.

In addition, the non-coplanar sp^2^/sp^3^ hybridized orbital also regulates the lattice spacing of the graphitic layer. Thus, the sp^2^/sp^3^ hybridized orbital of NEGS facilitates the surface adsorption and then promotes interlayer insertion of lithium, which contributes to the extra capacity of N-DF.

To prove the possible Li^+^ storage mechanism of N-DF, the electrochemical kinetics of both N-DF and MWCNT were investigated (detailed analyses in [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf)). In terms of the type of the electrochemical response, this anode is currently classified as a wide potential window over the range 0--3.0 V vs Li^+^/Li.^[@ref38]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a and [Figure S14d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00593/suppl_file/oc0c00593_si_001.pdf) show that the pink region represents the capacitive contribution of the N-DF and MWCNT electrodes, which are calculated as 59.0% and 62.1% of the total specific capacity at 1.0 mV s^--1^, respectively. As displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, the capacitive contribution ratios of N-DF and MWCNT at different scan rates are also quantified according to the same calculation method. It can be observed that the capacitive contributions of N-DF gradually increase with the increase of scan rates and finally reach 74.3% at 3.0 mV s^--1^. This demonstrates that the diffusion-controlled behavior dominates at low scan rates, and the surface-induced capacitive behavior mainly occurs at relatively higher scan rates. On the other hand, it has been proven that the specific capacity of N-DF is much higher than that of MWCNT. Surprisingly, the capacitive contribution ratios of N-DF are extremely similar to that of MWCNT among all the scan rates. It is reasonable that the surface-induced capacitive behavior contributes to the extra capacity of N-DF, consistent with the result of DFT. Importantly, it can be inferred that the diffusion-controlled behavior from the Li^+^ insertion behavior also contributes to the extra capacity. This indicates that more Li^+^ are inserted between the layers of N-CNTs, as compared with that of MWCNT. Overall, the source of the extra capacity in N-DF can be attributed to two contributions of non-Euclidean geometrical structure: one is the surface-induced capacitive contribution of NEGS, and the other is the Li^+^ insertion contribution of NEGS in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d.

![(a) CV curve with a capacitive fraction (pink) of N-DF at 1.0 mV s^--1^. (b) Capacitive contribution ratios at different scan rates for N-DF and MWCNT. Schematic illustration of extra Li^+^ storage in the non-Euclidean geometrical structure of N-DF: (c, d) surface adsorption contribution and interlayer insertion contribution.](oc0c00593_0006){#fig6}

To disclose the above hypothesis, an *in situ* TEM technique is applied further to investigate the storage mechanisms of N-DF in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. It can be noted that a thin film of Li~*x*~O forms on the surface of lithium metal before the lithiation process and acts as a natural solid electrolyte in a nanoscale battery, as similarly reported in our previous works.^[@ref4]^ The lithiation process was held for 300 s. Herein, the changes of a single N-CNT were paid close attention during the lithiation process, especially the curved edges and lattice spacing ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b--g), which may be closely related to the source of the extra capacity. With Li^+^ being inserted, the SEI films uniformly generate along the curved edges of N-doping CNT, and the thickness is approximately ∼1.33 nm, which is much thinner than that of graphite (∼5 nm) in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f,g.^[@ref39]^ This result suggests that the existence of NEGS could increase the number of defects at curved edges to suppress the decomposition of electrolytes on the anode surface of N-CNTs. Remarkably, the interplanar spacing of the graphitic layers near the curved edges is enlarged from 0.34 to 0.41 nm before ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c,d) and after ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f,g) Li^+^ insertion, suggesting that Li-ions are successfully inserted into the interlayer of N-CNTs. As a result, the graphitic layers of N-CNTs have enlarged the expansion of 17.6%, much larger than that of the pure graphite (7.2%).^[@ref39],[@ref40]^ It is solid evidence that more Li-ions were inserted between the graphitic layers of N-CNTs to show the extra capacity of N-DF. Besides, the graphitic layers exhibit a higher degree of disorder than that near the parallel edges when Li-ions were inserted ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f,g), owing to more Li-ions being inserted near the curved edges. The formation of the amorphous region also certifies that the extra capacity of N-DF partly stems from Li-ion intercalation.^[@ref41]^ At the same time, the curved microstructures can still be observed after the lithiation process, demonstrating the structural stability of N-DF. More interestingly, the corresponding external diameter was almost unchanged ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,e). In contrast, the inner diameter uniformly shrinks inward along the radial direction, resulting in the formation of an inward volume expansion caused by Li-ion insertion. This conveys that the natural hollow structure of N-CNTs provides the internal buffer layer to relieve the huge volume strain effectively, thus retaining good structural integrity during the lithium insertion/extraction process.

![(a) Schematic illustration of the electrochemical experiment setup *in situ* TEM. TEM images of a single N-doped carbon nanotube (b--d) before lithiation and (e--g) after lithiation.](oc0c00593_0007){#fig7}

Conclusions {#sec3}
===========

In summary, a dodecahedral framework assembled with N-doped CNT was prepared by direct pyrolysis of ZIF-67. NEGS, with the positive and negative curvatures, were introduced into the carbon framework of N-DF. When tested as anodes, N-DF delivered a high and stable capacity of 643 mA h g^--1^ during 250 cycles at 0.1 A g^--1^, exceeding its theoretical value of 345 mA h g^--1^. DFT calculations revealed that NEGS could enhance the Li-adsorption ability on the curved surface, contributing to the extra capacity, while electrochemical kinetics indicated that the diffusion-controlled behavior from the Li^+^ insertion also contributes to the extra capacity; *in situ* TEM further proved that NEGS could encourage more Li^+^ to be inserted between the graphitic layers of N-CNTs. The essential reason for extra capacity is that the non-coplanar sp^2^/sp^3^ hybridized orbital introduces non-Euclidean geometric structure, resulting in the regulation of electron structure and lattice spacing in the carbon network.
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